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Lung volume reduction surgery for severe emphysema with removal of 20-30% of the most destroyed parts of the 
lung parenchyma has been reported to improve lung function substantially. Increased elastic recoil has been 
suggested as one underlying mechanism for the improvement. 
Fourteen patients, seven men and seven women with a mean age of 62 years, who underwent bilateral lung volume 
reduction surgery have been followed up for 3 months. We here report the data on quality of life, lung function and 
elastic recoil. 
FEV,., increased by a mean of 26% from 0.58 1 to 0.73 1 (P<O,Ol). The mean TLC was reduced by 16% from 8.9 I 
to 7.5 1 (P<O.OOl). The level of hyperinflation decreased as implied by a reduction in the ratio of RV to TLC from 
0.70 to 0.60 (P<O.OOl). The pulmonary elastic recoil improved, with an increase in the transpulmonary pressure at 
maximal inspiration (PelTLc) from 0.95 kPa to 1.35 kPa (PcO.05) and an average increase in the coefficient of 
retraction PelTLc/TLC) from 0.12 kPa 1 - ’ to 0.19 kPa 1- i (P<O.Ol). The resting PaO, increased from a mean 
of 8.7 kPa to 9.8 kPa (P<O.Ol). The patients reported a high degree of subjective improvement according to the 
St. George’s Respiratory Questionnaire and the working capacity on a bicycle increased by 26% from a mean of 
38 w to 48 w (P<O~Ol). 
The promising short-term results of lung volume reduction surgery for severe emphysema appear to be related to 
improved pulmonary elastic recoil. 
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Introduction 
The definition of emphysema by the American Thoracic 
Society is ‘a condition of the lung characterized by abnor- 
mal, permanent enlargement of air spaces distal to the 
terminal bronchioles, accompanied by destruction of their 
walls, and without obvious fibrosis’. This definition is a 
pure histopathological one and, indeed, it has been claimed 
that it is only by histopathological investigation that the 
diagnosis can be made (1,2). 
From the definition above, it might be inferred that 
removal of any lung parenchyma, no matter how badly 
functioning: would be unfavourable in severe emphysema. 
However, already in 1957, Brantigan and Mueller suggested 
that removal of the most destroyed emphysematous parts 
of the lung would allow the remaining parts to function 
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better (3). They reasoned that reducing the volume of the 
lung would restore ‘the physiological principle of circum- 
ferential pull holding open the bronchioles’. They per- 
formed volume reduction surgery on a number of patients 
with severe emphysema and reported successful results in 
several cases. Unfortunately, the mortality was fairly high 
(nine of 56 patients or 16%) and there was long hospital 
stays owing to leakage from the lungs (4) so the operation 
was abandoned. 
The idea of lung volume reduction has received new 
interest in the last decade. It has been generally accepted 
that very large space-consuming bullae, when occupying 
more than one-third of the hemithorax, should be resected 
when causing symptoms and compressing potentially 
healthy adjacent tissues (5,6). Lately, diffuse disease has 
also been challenged successfully, both when video-assisted 
thoracoscopic methods and when open-chest surgery with 
laser or stapling techniques have been used (7-9). Cooper 
and coworkers have applied a median sternotomy and 
stapling technique for volume reduction during one session 
of widespread emphysema in both lungs (9,lO). The results 
of these methods are promising, with improvement of the 
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TABLE 1. Criteria for lung volume reduction surgery of 
severe widespread emphysema in 14 patients 
Inclusion criteria 
Exclusion criteria 
Severe widespread emphysema 
FEV,., cl.5 1 
Radiological signs of distended lungs 
Informed consent after careful 
examination about the surgical risks 
Smoking 
Age >75 years 
Pulmonary arterial systolic pressure 
> 55 mmHg 
Pleural adhesions 
Fibrosis or scarring of the lung 
Previous surgery within the thorax 
forced expired volume and the maximal ventilation by 
25-75%. Also, quality of life has improved considerably 
(11). The method of Cooper has been adopted by our group 
in Stockholm for lung volume reduction surgery in severe 
emphysema. 
The exact mechanism behind the effects of the operation 
has been subject to debate (12). Recently, Sciurba et al. (13) 
presented their results from a prospective study on lung 
volume reduction surgery. They showed that the improve- 
ment in lung function and quality of life was associated 
with enhanced elastic recoil. In 1994 we started a controlled 
study on patients undergoing volume reduction surgery, 
adhering to a protocol with physiological investigations 
including measurements of the pulmonary elastic recoil. We 
here report the results in our first 14 patients where a 3 
month follow-up has been made, using the same evaluation 
protocol pre- and postoperatively. 
Materials and Methods 
PATIENTS 
The inclusion criteria are shown in Table 1. Seven men and 
seven women with widespread severe emphysema and a 
mean age of 62 years (range 52-74 years) were included. 
Five patients suffered from low levels of a,-antitrypsin, and 
six were on long-term oxygen therapy before the operation 
(14). All were ex-smokers, with a span of 7-122 pack-years 
(median 26 pack-years). The bilateral lung volume reduc- 
tion was directed predominantly towards the upper or 
lower lobes in six subjects and towards upper and lower 
lobes in two subjects. Pre- and postoperative investigations 
were performed when the subjects were in stable physical 
condition and had optimal medical management. None 
of the patients had continuous prednisolone treatment of 
more than 5 mg day - i. At least 4 h had elapsed between 
inhalation of &receptor agonists and assessment of the 
functional data. None of the patients in this study partici- 
pated in a pulmonary rehabilitation programme before or 
after surgery. Following an increasing number of reports on 
LVRS, including preoperative management, all our patients 
are now enrolled in a pulmonary rehabilitation programme 
before surgery. 
The study was approved by the medical ethics committee 
of Karolinska Hospital and all patients gave informed 
consent. 
RADIOLOGICAL INVESTIGATIONS 
Chest radiographs in anterioposterior and lateral projec- 
tions were done in full inspiration and expiration. A 
computerized tomography scan of the chest with a 
high-resolution technique (HRCT) was also performed. 
SPIROMETRY AND DIFFUSING CAPACITY 
Static lung volumes, i.e. total lung capacity (TLC), func- 
tional residual capacity (FRC), residual volume (RV) and 
vital capacity (VC) were determined in a body plethysmo- 
graph (Autobox 2800, Gould Electronics, The Netherlands). 
The forced expired volume in 1 s (FEV,.,) and as a percent- 
age of the vital capacity (FEV,.,/VC) were obtained with 
a spirometer (Gould 2400, Gould Electronics, The 
Netherlands) connected to an IBM computer 486 DX2/SP. 
Flow-volume curves were plotted from the best forced 
expiration. The maximal voluntary ventilation was deter- 
mined at a respiratory rate of 40 min - i (MVV40). The 
single-breath transfer factor for carbon monoxide, i.e., the 
diffusing capacity (DLCO), was determined according to a 
modified Krogh procedure (15) using the above spirometry 
system. 
ELASTIC RECOIL 
All the measurements were performed with the subjects in 
the sitting position. The transpulmonary pressure was 
measured as the difference between the mouth pressure and 
the oesophageal pressure sensed by a mutual differential 
pressure transducer (16,17). The oesophageal pressure was 
obtained from a latex balloon-catheter containing 0.5 ml of 
air. The balloon was inserted 3540 cm from the nare of 
the patients depending on their height. The position of the 
balloon was the same for each subject before and after 
surgery. The FRC was measured and the subjects then 
inspired three times to TLC to establish a constant volume 
history. The maximal recoil pressure (PdTLC) was 
measured as the transpulmonary pressure at TLC (18). 
PelrLc could be reproduced within 0.2 kPa in at least two 
manoeuvres both before and 3 months after surgery except 
in two patients. In these the greatest value was used if the 
pressure-volume curve looked satisfactory. The coefficient 
of retraction, a sensitive indicator of elastic recoil (19) was 
expressed as the ratio of maximal recoil pressure to TLC 
(PelTLc/TLC). The transpulmonary pressure during zero 
flow at end-expiration (PdFRC) was measured during nor- 
mal tidal breathing with the subjects sitting on a bicycle. 
The air flow (V) was measured with a pneumotachograph 
through a wide-bore mouthpiece in conjunction with a 
differential pressure transducer. Flow-volume and 
pressureevolume loops were obtained on line by a computer 
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sampling the signals from the different transducers with a 
frequency of 100 Hz and integrating these flow variables to 
obtain volume. Loops were obtained for all full breaths 
within a sampling period of 12 s when the respiratory 
frequency and tidal volume reached a steady state. An 
average of four or five representative breaths were obtained 
during the sample period and a mean value was calculated 
(20,21). The breathing frequency and tidal volume were 
in the same range before and after surgery. Pre- and 
post-operative lung mechanical data were obtained from 
13 subjects. 
WORKING CAPACITY 
A symptom-limited exercise test was performed with the 
patient in the sitting position on a bicycle ergometer. From 
an initial level of 10 W the load was increased by 10 W 
every minute until the test was interrupted, mainly as a 
result of severe dyspnoea. Complete pre- and postoperative 
data were obtained for 13 patients. 
BLOOD GASES AT REST AND WORK 
Blood samples were drawn from an indwelling short plastic 
cannula in the radial or brachial artery at rest and at 
various stages during the exercise test. The samples were 
anticoagulated with heparin and analysed immediately. 
Arterial oxygen (PaO,) and carbon dioxide (PaCO,) partial 
pressures and pH were measured with a blood gas man- 
ager (IL BGM 312, Instrumentation Laboratories Inc., 
Lexington, U.S.A.). Complete pre- and postoperative data 
were obtained for 13 patients. 
PERFUSION SCINTIGRAPHY 
The perfusion distribution within the lungs was evaluated 
with 9gTc”-tagged macroaggregates of albumin adminis- 
tered intravenously in the supine position. Anterior, 
posterior and lateral views were obtained with a y camera 
(Picker SX 300, Nuclear Diagnostics, Stockholm, Sweden). 
RADIOSPIROMETRY 
The ventilation distribution was evaluated with ‘33Xe in 
the supine position within minutes after completion of the 
perfusion scintigraphy. A dorsal projection was used. The 
scintigrams were stored and processed in a computer system 
(Dee Gamma, Nuclear Diagnostics, Stockholm, Sweden). 
Parametric images of ventilation, volume, perfusion, 
ventilation-perfusion ratios and mean transit time of Xe 
per pixel were generated. 
T,,, for Xe wash-out and the distribution of the above 
parameters were calculated for both lungs together, each 
lung separately and three regions of interest in each lung 
separately. 
QUALITY OF LIFE 
Quality of life was assessed by the St. George’s Respiratory 
Questionnaire (SGRQ). The SGRQ contains 76 items 
divided into three sections: symptoms, activity and impact. 
‘Symptoms’ is concerned with the severity and frequency of 
the respiratory symptoms. ‘Activity’ is about such activities 
that are limited by, or cause, breathlessness. ‘Impact’ is 
concerned with social functioning and psychological distur- 
bances resulting from airways disease. A score for each 
section and a score for the summed weights of these scores 
were determined (22). The score was expressed as percent- 
age or points, where 100 denotes very poor health and 0 
very good healthy. A mean reduction of 4 points in the 
summed weights has been identified as the lower threshold 
for clinically significant improvement and more than 7 
points reduction indicates considerable improvement (23). 
Complete pre- and postoperative data were obtained for 11 
patients. 
OPERATION METHOD 
The findings on the HRCT scan together with the results 
from ventilation-perfusion scintigraphy were used for 
deciding which parts of the lungs should be resected. This 
preliminary plan was further corroborated by the findings 
of the surgeon during the operation. General anaesthesia 
was supported by continuous thoracic epidural analgesia. 
To enable selective ventilation of the lungs, a double-lumen 
left-sided endotracheal tube was used. 
After a median sternotomy, the appropriate parts of the 
lungs were excised, starting with the lung in the worst 
condition, as judged by the preoperative investigations. The 
most destroyed parts of the deflated lung were removed by 
successive application of the linear stapling device (9): 
aiming at reducing the volume of each lung by 20-30%, and 
smoothing of the lung contours. After re-inflation and 
repair of any air-leaks, bilateral chest tube drainages were 
set at a suction pressure of - 5 to - 10 cmH,O. 
FOLLOW-UP 
The pre-operative investigations as described above were 
repeated 3 months after the operation. 
DATA PRESENTATION AND STATISTICAL 
METHODS 
The results are presented as mean values and range. 
Pre- and postoperative findings were compared using 
Student’s t test for paired observations. A P value below 
0.05 was considered as statistically significant. 
Results 
After surgery, FEV,., increased by a mean of 26%: corre- 
sponding to 150 ml (- 190 to 430 ml, P<O.Ol). FEV,., 
increased most when the operation was directed towards 
the upper lobes, on an average by 46%. The maximal 
voluntary ventilation increased by 17%. TLC, FRC and RV 
all decreased significantly (P<O.OOl); and VC increased by a 
mean of 11% (P<O.Ol). RV tended to decrease more than 
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TABLE 2. Spirometric values before and three months after surgery in 14 patients with severe 
emphysema [mean (range) and percentage of predicted] 
Before 
Values % predicted 
Change P 
After (“4 value 
Values % predicted 
FEV,., (1) 0.58 (0.38-1.16) 21 0.73 (0.42-1.12) 27 +26 co.01 
MVV,, (1 min - ‘) 24 (1645) 25 28 (1949) 30 +17 co.01 
TLC (1) 8.9 (5.9-l 1.8) 146 7.5 (4.7-10.4) 123 - 16 <O.OOl 
FRC (1) 7.0 (4.7-9.8) 219 5.7 (3.6682) 177 - 19 <O.OOl 
RV (1) 6.2 (3.8-8.5) 278 4.5 (2.8-6.8) 203 -27 <O,OOl 
vc (1) 2.7 (1.5552) 73 3.0 (165.3) 82 +11 co.01 
RV/TLC 0.70 (0.55-0.82) 0.60 (0.44-0.67) - 14 <O.OOl 
FEV,.,, forced expiratory volume in 1 s; MW,,, maximal ventilation at breathing frequency of 
40 min-‘; TLC, total lung capacity; VC, vital capacity; RV, residual volume; RV/TLC, ratio of RV 
to TLC. 
TABLE 3. Elastic properties before and 3 months after surgery in 13 patients with severe emphysema 
[mean (range)] 
Before After P 
PelFRc (kPa) 
PelrLc (kPa) 
PelrLc/TLC (kPa l- ‘) 
0.44 ( - 0.06, 0.80) 0.63 (- 0.36, 1.28) n.s. 
0.95 (0.32-1.45) 1.35 (0.93-1.97) KO.05 
0.11 (0.03-0.19) 0.19 (0.10-0.42) co.01 
Pelrnc, transpulmonary pressure at end-expiration during steady-state tidal breathing; PelrLc, 
maximal elastic recoil pressure at TLC; PelTLc/TLC, coefficient of retraction, expressed as the ratio 
of PelTLC to TLC. 
TABLE 4. Working capacity and blood gases before and 3 months after surgery in 13 patients with 
severe emphysema [mean (range)] 
Before After Change (%) P 
Working capacity (W) 
PaO,rest (kPa) 
PaO,max (kPa) 
PaCO,rest (ItPa) 
PaCO,max (kPa) 
DLCO (% predicted) 
38 (20-50) 48 (30-60) +26 co.01 
8.7 (6.8-10.3) 9.8 (7412.8) +13 co.01 
7.3 (5.7-9.1) 7.6 (6.1-10.4) n.s. 
5.2 (4.3-7.3) 5.2 (4.1-6.5) n.s. 
5.6 (4.6-7.5) 5.6 (4.2-6.9) ns. 
20.8 (6.0-38.0) 21.9 (9.0-49.0) n.s. 
PaO,rest and PaO,max, arterial partial pressure of oxygen at rest and at maximal work load 
respectively; PaCO,rest and PaCO,max, arterial partial pressure of carbon dioxide at rest and at 
maximal work load respectively; DLCO, diffusing capacity for carbon monoxide. 
TLC, resulting in a reduced RV to TLC ratio from 0.70 to 
0.60 (P<O.OOl) (Table 2). 
PelrLc increased from 0.95 5 0.03 kPa to 1.35 + 0.04 kPa 
(P<O.O5). The coefficient of retraction (PelTLc/TLC) 
increased from 0.11 i 0.06 kPa 1 - ’ to 0.19 f 0.09 kPa 1~ ’ 
(P<O.Ol). Pehc during steady-state tidal breathing only 
tended to increase from 0.44 + 0.02 kPa to 0.63 & 0.04 kPa 
(Table 3). 
PaO, at rest and working capacity improved signifi- 
cantly. PaO, at maximal workload was similar before and 
after surgery. The postoperative PaCO, values were similar, 
compared with the preoperative findings, both at rest and 
at maximal work load. DLCO did not appear to change 
after the operation (Table 4). Two patients needed long- 
term oxygen therapy after surgery compared with six 
before. 
There were large subjective improvements according to 
the SGRQ with a significant reduction in scores within all 
sections as well as a mean reduction in the total score of 31 
points (P<O.OOl) (Table 5). The SGRQ was not assessed 
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TABLE 5. Improvement in SGRQ scores of quality of life 
before and 3 months after surgery in 11 patients with severe 
emphysema [mean (range)] 
Before After P 
Symptoms 56 (37-72) 26 (O-46) co.01 
Activity 82 (63-100) 54 (27-86) co.01 
Impact 55 (23-74) 21 (3-53) <O.OOl 
Total 62 (43-76) 31 (11-56) <O.OOl 
SGRQ; the St George’s Respiratory Questionnaire. 
in the first three patients, but these all reported major 
subjective improvement when interviewed 3 months after 
surgery. 
Discussion 
We have shown that the retracting forces of the lung were 
increased after surgery despite very severe disease. The 
improved elastic recoil led to a slight reduction in airway 
obstruction during the forced expiratory manoeuvre, a 
reduced level of hyperinflation, increased arterial oxygen 
tension at rest and increased working capacity. These 
results were associated with a striking improvement 
in quality of life. Thus, the results strongly support 
Brantigan’s theory and confirm the results of Sciurba, i.e. 
that the beneficial effects on lung function from volume 
reduction are brought about by profiting from the elastic 
recoil of the remaining parts of the lungs (3,4,13). 
Severe pulmonary emphysema causes substantial func- 
tional impairment, Characteristically, lung recoil pressure 
is reduced and there is an elevation in the neutral position 
of the respiratory system, i.e. hyperinflation. When this 
occurs, the activity of the diaphragm is hampered by the 
flat shape of its dome and by an unfavourable length-to- 
tension ratio of the muscle fibres (24). The normal rela- 
tion between chest and abdominal breathing becomes 
distorted and the capacity to generate negative intra- 
thoracic pressure decreases. This is reflected by the 
reduced ability to lower pleural pressure at maximal 
inspiration (19). Volume reduction surgery can improve 
the lung function and quality of life considerably in 
carefully selected patients with severe emphysema (3,4,11). 
The hypothetical primary mechanism for this is by partial 
restoration of the retracting force of the lung parenchyma 
(13). This would re-displace the equal-pressure point 
towards the mouth and thus oppose dynamic airway 
compression and reduce hyperinflation. Relief in exer- 
tional breathlessness after lung volume reduction surgery 
has convincingly been related to a reduced level of 
hyperinflation (25). 
Cooper et al. (9) have reported an improvement in 
FEV, .0 by a mean of 82% from 0.77 1 to 1.4 l> and a marked 
relief of dyspnoea following bilateral lung volume reduction 
surgery directed predominantly to the upper lobes (mean 
follow-up 6.4 months). Daniel et al. (26) also reported a 
significant improvement in FEV,., in their patients by a 
mean of 49% from 0.73 1 to 1.02 1 (3 months follow-up). In 
that study, selective segmental resection was directed 
towards the left and right upper lobes in 69% and 81% 
respectively. 
In our study, FEV,., improved by a mean of 26%, from 
0.58 1 to 0.73 1. This is less than achieved in the studies cited 
above. There are some plausible explanations for these 
differences. Firstly, the disease seems to have been more 
advanced in our patients to judge by the lower FEV,.,. 
Secondly, dissimilarities in homogeneity of the emphysema- 
tous distribution may have existed throughout the lungs in 
the different patient populations (10). Thirdly, only 43% of 
our patients had upper lobe revision. The influence of upper 
vs. lower lobe revision is illustrated by our findings of a 
more pronounced increase in FEV,., when surgery was 
directed towards the upper lobes compared with the lower 
ones, 46% vs. 15% respectively. 
PaO, improved at rest but seemingly not at the end of 
exercise. The improvement at rest was probably due to a 
reduction in ventilation-perfusion mismatch, a factor of 
major importance for the deranged gas exchange in severe 
emphysema (27). The lack of improved oxygenation at the 
end of exercise could be explained by the higher workload 
achieved postoperatively. Also, during exercise the oxygen 
content of mixed-venous blood decreases with increasing 
workload, which may counteract an achieved reduction in 
the ventilation-perfusion mismatch. Apart from efYects of 
persisting ventilation-perfusion inequalities, the influence 
of a reduced diffusing capacity, apparently unchanged after 
surgery, may further have affected the oxygenation during 
exercise (28). Many questions remain before volume reduc- 
tion surgery can be regarded as an established form of 
treatment for emphysema. Long-term results are yet to be 
defined, but subjective and functional improvement 
seems to be sustained for at least 2 yr in selected cases 
(29). We still do not know exactly the indications and 
contraindications for surgery. The improvement in 
FEV,., has drawn most attention from the reports on 
reduction surgery. However, one may argue that the main 
aim with the volume reduction is to relieve symptoms, and 
the outcome should therefore focus more on quality of 
life. Patients who are unable to perform the most simple 
activities of daily life because of severe dyspnoea may 
experience improvement in quality of life despite a very 
small improvement in lung function. Such an improvement 
in quality of life may theoretically be achieved by a 
pulmonary rehabilitation programme. Whether LVRS is 
superior to pulmonary rehabilitation in improving 
quality of life is still not clear. In Sweden, there is now 
an ongoing multicentre randomized study between 
operation and pulmonary rehabilitation. The final 
judgement on the value of LVRS has to await the results 
of such studies. 
In conclusion, bilateral lung volume reduction surgery 
relieves symptoms and improves quality of life for selected 
patients with severe emphysema. The procedure also 
improves working capacity, blood gases and lung function 
to a varying degree, where increased pulmonary elastic 
recoil appears related to a beneficial outcome. 
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